This study is the first account of single channel recordings from human cardiac SR. The properties of chloride and calcium release channels are described, and the possibility that single channel properties are altered in heart failure is investigated.
Materials and Methods
Cardiac tissue was obtained from hearts explanted at transplantation. Six patients were studied, the age range was 34-66 years (mean, 50 years), and all had end-stage heart failure with a dilated cardiomyopathy. Three patients had severe coronary artery disease with previous infarction, and three had a cardiomyopathy without associated coronary disease. Specimens were taken from areas of the left ventricular free wall that were not grossly scarred. Tissue was immediately immersed in a modified cardioplegic solution composed of (mM) NaCl 102, Na lactate 29, KC1 500, MgCl 2 16 , CaCl 2 2, and EGTA 2, and transported directly to the laboratory. Junctional SR vesicles were prepared using a modification of the method of Meissner and Henderson. 8 The muscle was dissected free of obvious fatty and connective tissue, minced, and then homogenized in four volumes of a solution containing 300 mM sucrose, 1 mM phenylmethyl sulphonylfluoride, and 20 mM K/pipcrazine-A/,A^'-bis-2-ethane sulphonic acid (PIPES), pH 7.4. The homogenate was centrifuged at 8,000 rpm for 20 minutes in a Sorvall GSA rotor, and then the supernatant was respun at 28,000 rpm for 60 minutes in a Sorvall A641 rotor. The pellet was resuspended in a solution containing (mM) KC1 400, MgCl 2 0.5, CaCl 2 0.5, EGTA 0.5, K/PIPES 25, pH 7.0 with sucrose 10% wt/vol. This preparation was subfractionated on discontinuous sucrose gradients. The suspension was layered over similar salt solutions containing 20%, 30%, and 40% wt/vol sucrose and centrifuged at 28,000 rpm for 120 minutes in a Sorvall AH629 rotor. The fraction sedimenting at the 30%/40% interface was collected and pelleted by centrifugation at 28,000 rpm for 60 minutes in a Sorvall A641 rotor in 400 mM KC1 and then resuspended in a solution of 400 mM sucrose, 5 mM HEPES/Tris, pH 7.2. Vesicles were snapfrozen in liquid N 2 and stored at -70° C. Single channel recordings were made at 22° C. Planar phosphoiipid bilayers, composed of phosphatidylethanolamine (Avanti Polar Lipids) dispersed in decane at a concentration of 30 mg/ml, were painted across a 200-/tm diameter hole in the styrene copolymer septum between the two experimental chambers containing 50 mM choline chloride, 5 mM CaCl 2 , 10 mM HEPES/Tris, pH 7.2. Vesicles were then added to the designated cis chamber, and the solution was fortified with choline chloride to produce a 7=1 gradient across the membrane. Vesicle fusion was detected by the appearance of a chloride selective conductance. Calcium channels were observed by perfusing the cis chamber with 250 mM HEPES/Tris, pH 7.4, and the trans chamber with 250 mM glutamic acid, 10 mM HEPES, adjusted to pH 7.4 with Ca(OH)2, to give a solution with approximately 67 mM free calcium. SR membrane vesicles incorporate into planar phosphoiipid bilayers with a fixed orientation so that the cis chamber is equivalent to the cytosolic environment of the channel. The composition of this chamber can then be modified, as described in "Results," to observe the effects of various ligands on channel function. Free calcium concentrations were calculated as described by Bers. 9 The trans chamber was held at ground, while the potential of the cis chamber was varied to different holding potentials. Channel opening results in a flow of ions (positive charge from cis to trans corresponds to a positive current), which was amplified 10 slope conductance is 128 pS and the channel exhibits frequent openings at subconductance levels. Figure 2 shows the single channel currents recorded from the calcium release channel and the current-voltage relation. Channel opening is seen to be weakly voltage dependent, with longer, more frequent openings occurring at more positive holding potentials. The conductance of the channel under these conditions, calculated from the slope of the current-voltage plot, is 101 pS. From the reversal potential of 37 mV, using the expression pCa 2+ / pTris + =[Tris + ]/4[Ca 2+ ][(l+e-FV/RT )/e FV/RT ], the permeability ratio for calcium to Tris is calculated to be 10.6.
In Figure 3 , the effects of physiological modulators added to the cytosolic side of the channel are seen. In trace a, raising the calcium from 1 to 100 fiM, is shown to result in an increased channel open probability. When acting as the sole ligand it was not usual for calcium to raise the open probability to near unity. Trace b demonstrates the inhibitory effect of millimolar magnesium. This effect is most marked in low calcium concentrations and is reversed when cytosolic calcium is elevated. Activation produced by millimolar ATP is shown in trace c. As is demonstrated, ATP in the presence of 10 juM cytosolic calcium is sufficient to raise channel open probability to near unity. However, when the cytosolic calcium concentration is below the threshold for channel activation, 3 mM ATP produces no significant increase in channel opening (data not shown).
Caffeine, ruthenium red, and ryanodine are pharmacological effectors of calcium release from SR, and their effects on the channel are shown in Figure  4 . Millimolar caffeine, like ATP, increases channel open probability and is dependent on a background level of cytosolic calcium activation. Ruthenium red, in micromolar concentrations, reduces the frequency of channel opening. Closure of the channel by ruthenium red is not reversed by the subsequent addition of either ATP or caffeine (data not shown). Ryanodine in micromolar concentrations is seen to "lock" the channel in a permanent open state with a conductance of approximately 40% of the native open state. "Block" may not take place for several minutes after the addition of ryanodine; it occurs more readily when the open probability of the channel is high and ryanodine has not "come off' the channel during observation times of up to 30 minutes.
Discussion
These results are the first report of single channel recordings from human cardiac SR. Single chloride channels have not previously been described in cardiac SR although isotope flux measurements have revealed a chloride permeability pathway in canine cardiac SR membranes. 2 The single channel conductance and presence of subconductance states in the channels reported here are very similar to those described for chloride channels of rabbit skeletal muscle SR. 11 It is probable that these chloride channels and the potassium channels observed in both skeletal and cardiac SR, 3 -4 provide pathways for charge movements that counter the electrogenic uptake and release of calcium by the SR. Studies on skeletal muscle SR imply that the membrane is unable to sustain a potential difference of more than a few millivolts. 12 The weak voltage dependence of the calcium channel reported here is, therefore, unlikely to be of physiological importance. The human cardiac SR calcium channel shows a high single channel conductance comparable with those reported for other mammalian skeletal 13 and cardiac 5 -14 muscle SR calcium release channels. This would suggest that this system has the capacity to release calcium at rates significant to excitationcontraction coupling. 5 Although the precise mechanism involved in the elevation of the cytosolic calcium concentration during cardiac excitationcontraction coupling remains to be established, it seems probable that calcium is released from the SR in response to a localized elevation of the cytosolic calcium concentration brought about by calcium entering the cell during the action potential, a process described as calcium-induced calciumrelease (CICR). 15 The human cardiac muscle SR calcium channel displays properties consistent with a role in CICR. The channel is primarily activated by calcium at the cytosolic face of the membrane. In contrast to canine cardiac SR calcium channels, 5 it would appear that combinations of calcium and a second activating ligand are required to obtain open probabilities approaching unity with the human cardiac SR calcium channel. As with the canine cardiac SR calcium channel, 5 and in contrast to the skeletal muscle SR channel, 13 our data suggest that ATP requires a degree of calcium activation in order to be an effective activator of the human cardiac muscle SR calcium channel. It is not known if the low levels of adenine nucleotides in failing hearts 16 may contribute to poor systolic function in part through a reduction in activation of calcium release from the SR. The effects of magnesium applied to the cytosolic side of the channel are similar to those reported for other mammalian skeletal 13 and cardiac 14 SR calcium channels. The observation that magnesium is more effective at reducing channel open probability at low activating calcium concentrations suggests that magnesium exerts its major physiological role during cell diastole. The inhibition of channel opening in response to minor changes in cytosolic calcium concentration may be important in coordi-nating cell contraction in response to excitation from the normal action potential.
The actions of caffeine, ruthenium red, and ryanodine are consistent with previous reports of their actions on 45 Ca 2+ efflux from isolated SR membrane vesicles and single channel properties of normal animal skeletal and cardiac SR calcium channels. 5 ' 13 Cardiac failure is characterized by reduced cardiac contraction and some animal studies have shown that this state is associated with abnormal SR function. 17 In humans with end-stage cardiac failure, the ability of the SR to accumulate calcium is reduced, 18 and systolic release of calcium from the SR is also abnormal. 19 However, in this study, the properties of ion channels present in SR membranes isolated from diseased human myocardium have been shown to be qualitatively similar to those from normal animal tissue. This may suggest that the reported abnormalities in heart failure of calcium release from the SR are probably related to such factors as concentration of ligands in the cytosol, channel density, or the quantities of calcium stored in the SR; these possibilities require further research. The identification of human cardiac SR channels is, however, an important development and should provide information in the investigation of actions of drugs that affect the handling of calcium within the cardiac myocyte.
